The domestic ferret (Mustela putorius furo) has been a long-standing animal model used in the evaluation and treatment of human diseases. Molecular imaging techniques such as 2-deoxy-2-( F)fluoro-D-glucose ( F-FDG) positron emission tomography (PET) would be an invaluable method of tracking disease in vivo, but this technique has not been reported in the literature. Thus, the aim of this study was to establish baseline imaging characteristics of PET/computed tomography (CT) with F-FDG in the ferret model.
Introduction
The development and study of animal models that reflect human disease have been a long-standing priority for drug and vaccine research in accordance with the US Food and Drug Administration regulatory requirements for preclinical trials (FDA 2002 (FDA , 2009 ).
Animal models of myocardial infarction, heart failure, chronic obstructive pulmonary disorder, and pulmonary infections all have resulted in advances toward uncovering pathogenesis and identifying novel treatments (Chimenti et al. 2004; Hasenfuss 1998; Ordway et al. 2008; Russell and Proctor 2006; van den Brand et al. 2010; Wright et al. 2008) . The domestic ferret (Mustela putorius furo) has been used to study a variety of organ systems (Fox 1998) . In the cardiovascular system, investigators have used ferrets to model acute thrombosis and myocardial hypertrophy (Baudet and Ventura-Clapier 1990; Schumacher et al. 1996) . In the gastrointestinal system, ferrets have a documented susceptibility to infections such as Campylobacter jejuni and Helicobacter pylori (Chu et al. 2008; Kirkeby et al. 2009; Larin 1955; Lipatov et al. 2009; Maher and DeStefano 2004; Matsuoka et al. 2009; Reuman et al. 1989) ; and in the pulmonary system, the ferret has been useful as a model for obstructive conditions such as asthma (Kurucz and Szelenyi 2006) and cystic fibrosis (Fisher et al. 2011) . Researchers have also used ferrets in evaluations of drugs that target human influenza virus (Baras et al. 2008; Boltz et al. 2008 ) and SARS coronavirus (Roberts et al. 2008; See et al. 2008) .
Experimental designs using these models have traditionally required serial euthanasia at specified time points to assess pathologic changes. In vivo imaging techniques such as radiography and nuclear medicine have the potential to decrease the number of animals used, measure real-time responses in disease progression, and accelerate therapeutic discovery studies. A combination of positron emission tomography (PET ) and computed tomography (CT ) , which fuses the molecular information of radiolabeled tracers at the subcellular level of PET with the cross-sectional anatomical information of CT, would give both spatial and temporal information on a single subject, allow each subject to serve as its own internal control, and possibly reduce the number of subjects needed for statistical significance. The most common PET imaging radiotracer used in clinical and basic science research is 2-deoxy-2-( F)fluoro-D-glucose ( F-FDG ). The glycolytic rate of this analog of glucose serves as a measure of metabolic activity, which can be increased in pathophysiologic states such as malignancy, inflammation, and infection (Baum et al. 2010; Chen et al. 2009; Czernin et al. 2010; Kwee and Kwee 2009; Kwee et al. 2008; Love et al. 2009 ). In inflammation and infection, an increase in F-FDG uptake is thought to be due to the presence of activated leukocytes (mostly neutrophils) in the tissue of interest (Chen and Schuster 2004; Goldsmith and Vallabhajosula 2009; Jones et al. 1994 ).
Because F-FDG is used to measure metabolic activity, it can be employed in many of the models described above, particularly in the thoracic cavity. The ferret is an especially attractive model for pulmonary studies because its long trachea, large lung capacity, and bronchiolar branching facilitate radiographic analysis and histopathologic comparison. Inflammatory changes in diseases such as asthma and cystic fibrosis could be assessed with F-FDG and followed during treatment protocols. F-FDG could also be used to track activated leukocytes in pulmonary infections as well as any resulting inflammatory sequelae. Although F-FDG PET/CT has been studied comprehensively in other models such as the mouse (Abbey et al. 2004; Deroose et al. 2007; Rowland and Cherry 2008; Shoghi et al. 2008; Virostko and Powers 2009) , the results have not been reported in the literature of the ferret model at the time of this writing. The lack of imaging studies stands as a current impediment in basic and clinical science because clinicians commonly rely on chest radiography and CT to assess the severity of pulmonary disease and guide patient management. Certainly, the increasing use of molecular imaging methods such as PET to study the microbial pathogenesis in laboratory animals and humans can be translated to the ferret (Kalicke et al. 2000; Sathekge et al. 2010) . Challenges to using ferrets in PET/CT include (1) unique body size dimensions that may not fit traditional preclinical PET/CT hardware, (2) thoracic anatomy not previously characterized in radiologic literature, (3) potentially unusual biodistribution of molecular radiotracers, (4) scarce data comparing imaging techniques, and (5) respiratory physiology that warrants specialized handling and imaging protocols to optimize data acquisition and avoid artifacts. These challenges led us to investigate the use of this baseline molecular imaging technique in the ferret model presented herein.
In this article, we explore the feasibility of imaging ferret thoracic anatomy by performing CT and PET imaging of uninfected animals.
We used a standard PET/CT instrument with F-FDG, the most commonly employed PET radiotracer. We focused on the following areas of concern that affect the success of small animal imaging: (1) Establishment of normal thoracic anatomy by CT, (2) F-FDG distribution and uptake by various organs, (3) efficient methods of image postprocessing and analysis, (4) consequence of radiotracer uptake period on signal:noise ratio, (5) comparison of intraperitoneal and intravenous injection of radiotracer, and (6) influence of respiratory gating on image quality. Our findings establish the parameters for PET/CT imaging of the thorax effectively in ferrets, suggesting that these techniques can greatly accelerate the study of lung diseases in this animal model.
Methods

Animals
Animal studies were conducted at the University of Louisville, which is accredited by the Association for Assessment and pandemic H1N1 and seasonal H1N1 and H3N2 viruses by both ELISA and hemagglutination inhibition assays. On arrival to our facility, fecal specimens of representative animals were examined and were negative for intestinal parasites.
For all procedures, animals were anesthetized with 3 to 5% isoflurane in an induction chamber, intubated with 2.0 Fr endotracheal tubes, and maintained under anesthesia with 1 to 3% isoflurane. All animals were fasted 3 to 4 hours before anesthesia to prevent aspiration of gastrointestinal contents. Serum blood glucose levels were checked with a commercial glucometer (Freestyle Lite , Abbott Laboratories, Abbott, IL) before the induction of anesthesia and upon completion of imaging to ensure that animals were not hypoglycemic. During anesthesia and imaging, body temperature was supported with supplemental heat sources, and Artificial Tears Ophthalmic Ointment (Butler Schein Animal Health, Dublin, OH) was applied to the surface of the eyes to prevent corneal drying and ulceration. Animals were monitored continuously during anesthesia and imaging until they were fully recovered.
CT Imaging
We performed imaging studies with a Siemens Inveon Trimodal Scanner (Siemens Preclinical, Knoxville, TN), which is a small animal imaging platform that combines PET and CT modalities within one unit. This combination facilitated coregistration of PET and CT images inasmuch as the study subject was kept in a uniform position on the scanner bed, minimizing potentially large motion artifacts as a result of repositioning the animal between each scan. The Inveon CT scanner features a variable-focus tungsten X-ray source with an achievable resolution of 20 µm and a detector with a maximum field of view of 8.4 cm × 5.5 cm. The source-to-object distance was 263.24 mm, and the source-to-detector distance was 335.67 mm. The Inveon PET detector provided an axial field of view of 12.7 cm with a spatial resolution of 1.8 mm. We reconstructed PET images using a two-dimensional filtered backprojection algorithm with attenuation correction provided by CT imaging. For the CT scan, we used the following imaging settings: two bed positions, 80 kVp, 500 µA, 500 ms exposure time, 0.21 mm voxels, 4 × 4 binning, with and without respiratory gating. We initiated gating after a default delay during the exhalation phase of each respiratory cycle as soon as a user-defined threshold detection had been triggered. We then acquired CT imaging for 100 msec at a given projection and continued for four subsequent triggerable 18 ® ® 1 ® 3 events. We repeated the entire process for all remaining CT projections.
PET Imaging
After each ferret underwent CT imaging, we reset the bed position, and the animal subsequently underwent PET imaging with F-FDG (PETNET, Knoxville, TN). We checked blood glucose levels before administering radiolabeled tracer to ensure that they were within normal limits (62-134 mg/dL) (Quesenberry and Rosenthal 2003) . We then performed PET imaging of animals at 60, 90, and >90 minute intervals. We did not perform dynamic imaging in this study in an effort to maximize animal care outside the scanner during the uptake intervals. We made additional comparisons between intravenous (via a 22-to 26-G catheter inserted into the cephalic vein) and intraperitoneal administration of F-FDG. To maximize photon counts (sensitivity), each animal received the maximum allowable dose for the detector in this imaging platform, which was 74 to 123 MBq/kg of F-FDG.
Image Analysis
We processed all imaging data with PMOD software (v3.1; PMOD Technologies Ltd., Zurich, Switzerland). We received CT data from the Inveon platform as Digital Imaging and Communications in Medicine (DICOM) files and PET data as MicroPET files. Scans were imported into the local database of the program with the units for the PET radiotracer in kBq/cc. We coregistered PET images with the CT images and resliced as necessary to facilitate later calculations. For analysis of F-FDG activity, we used the standardized uptake value (SUV ). SUV is a widely used semiquantitative measure that normalizes radiotracer uptake in a given region of interest based on body weight. The calculation for this study appears below:
Equation 1 For all calculations, we expressed animal weights in kilograms and FDG activity in megabecquerels. For each image series, we calculated SUVs for each voxel using PMOD, with the radionuclide half-life set at 6586.2 sec for F-FDG.
For each imaging series, we used CT scans for gross localization of organs and placement of a volume of interest (VOI ) for any given region. We programmatically generated a sphere for the liver using PMOD by specifying a radius of 2.0 mm in the left hepatic lobe in a representative area of homogeneity, and we were careful to avoid the photopenic gallbladder. We used a similar approach to identify the background activity of the lungs, with spherical VOIs of 1.5-2 mm radius generated in areas of the lung having visually uniform activity. For other visualized organs such as the heart and thymus, we utilized a semiautomated approach. For the cardiac structures, we constructed an ellipsoid that encompassed both atria and ventricles, and we then used automatic isocontour detection to refit the VOI around the structures by setting a threshold of 50 to 60% of the difference between the maximum and minimum intensity SUVs in the ellipsoid VOI, as shown below:
Equation 2 Equation 3 We used a similar method to isolate the thymus. In cases where the automated thresholding included contiguous structures in the VOI, we used manual refitting in conjunction with the coregistered CT scan to exclude those surrounding structures. For all VOIs, we calculated maximum SUV (SUV ) and calculated average and standard deviation of all pixels in the volume (mean standardized uptake value [SUV ] ± standard deviation).
Results
Twelve 4-to 6-month-old female ferrets were included in the study. After successful anesthesia and intubation, the ferrets were placed on the scanning bed. Initial CT scans were performed to identify prominent structures in normal ferret pulmonary anatomy ( Figure 1 ). In the right lung, the ferret has an upper (cranial) lobe, a middle lobe, a lower (caudal) lobe, and an accessory lobe in the Mean 1 medial lung base. In the left lung, there is an upper (cranial) and a lower (caudal) lobe (Fox 1998) . We used soft tissue windowing to identify vascular, mediastinal, and muscular structures in the ferret (Figure 2 ). Using the CT settings outlined previously, the superior vena cava, inferior cava, and aorta were readily identifiable and traceable in three projections (sagittal, coronal, and transaxial). For each ferret, we performed, coregistered, and fused PET imaging with corresponding CT scans (Figure 3 ). Areas of mildly increased F-FDG uptake were noted in the thymus, subcarinal, and paratracheal lymph nodes. Intense uptake, as expected, was in the myocardium. In the lung parenchyma, we noted no focal areas of consolidation or opacification on CT , and we identified no analogous metabolically active regions on PET. We created volumetric constructions to delineate regions of interest in PET scans (Figure 4 ). To calculate F-FDG activity, we used PMOD to create generalized ellipsoid and cuboid VOIs in the heart and thymus, respectively. We then refitted the VOIs to the structures using previously described methods (Equations 2 and 3). For the liver and the lungs, spherical VOIs were sufficient to calculate background activity. In a few cases, automatic refitting would erroneously include surrounding structures with elevated F-FDG activity, which we manually removed. We obtained average values for all ferrets included in the study (Table 1 ). The heart had the highest uptake values with an average SUV of 8.60 and SUV of 5.42. The thymus was the second most metabolically active organ, followed by the liver. The right and left lungs showed reasonable symmetric values with expectedly low intensities compared with other tissues: SUV of 0.92 and 0.88, and SUV of 0.56 and 0.51, respectively. We performed a number of technique trials to ascertain their effect on imaging quality. First, in human subjects, the uptake period for F-FDG is usually around 60 minutes for optimal signal:noise ratio. Because the ideal uptake period is unknown in ferrets, we assessed the optimal timing between radiotracer administration and initiation of PET imaging by grouping uptake phases at 60 minutes (n = 5), 90 minutes (n = 4), and > 90 minutes (average 110 minutes, n = 3) ( Figure 5 ). As previously noted, we did not perform dynamic imaging in an effort to maximize animal care outside the scanner during the uptake periods. We obtained SUV values from VOIs in the liver, heart, thymus, and bilateral lung fields as described previously. In each uptake period, the heart had the consistently highest SUV , followed by the thymus and liver. The right and left lungs had values similar to each other for all uptake durations, with intensities appropriately lower than other tissues at the 60-and 90-minute uptake periods. By >90 minutes, it was more difficult to distinguish the SUV of the lungs from the liver due to decreasing liver intensity. Because it is also unknown which administration method of F-FDG is optimal, we compared PET images acquired after intravenous (n = 6) and intraperitoneal injections (n=6) of F-FDG at an uptake period of 90 minutes ( Figure 6 ). The route of administration did not affect the ability to align and fuse the PET and CT scans. The heart was the most metabolically active in both routes, followed by the thymus and liver. Overall, the trend in both administration routes demonstrated that the right and left lungs were the least metabolically active, as expected. Regardless of method, we observed no focal areas of increased F-FDG uptake in the lung parenchyma on visual comparison. Finally, we used respiratory gating to assess differences in CT image quality (Figure 7) . Respiratory gating involves the acquisition of photon events at specific points during periods of the respiratory cycle, such as during maximal inspiration by the subject, in order to reduce motion artifact, keep specific lesions in roughly the same position, and increase overall spatial resolution. Similar to other comparisons, respiratory gating did not detract or enhance from our ability to coregister CT and PET images. In addition, we could readily fuse the images using PMOD. Visually, in the absence of lesions, there was no substantial difference in imaging features compared with ungated acquisitions. In both gated and ungated images, soft tissue structures such as the heart and liver were readily distinguishable from the lung parenchyma. 
Discussion
In this study, we have demonstrated a technique for obtaining CT and PET images in anesthetized ferrets. The ferret has been successfully employed in the study of several respiratory pathogens, and with the ferret genome near completion, it has great potential for increased use in the study of human pulmonary disease processes. Herein we establish a F-FDG PET/CT imaging technique that could be valuable in future efforts. To that end, we believed it was important to describe anatomical features on PET and CT and to compare technical strategies for imaging. We thus identified normal ferret anatomy in our study on CT scans in both lung and soft tissue windows, and this information facilitated later identification of pertinent structures on the PET scan for localizing F-FDG uptake. The anatomical characterization is intended to inform future investigators regarding the features of ferret anatomy that differ from human, such as the ferret's right accessory caudal lobe. Although the image quality was sufficient for the purposes of this study, future studies could incorporate projections at finer increments to increase resolution.
Overall, the long thoracic anatomy of the ferret may provide productive avenues for pulmonary disease research using imaging for in vivo measurement. Lymph nodes, which were well characterized (Figure 3) , can be useful for future studies of neoplastic, infectious, and inflammatory conditions. Myocardial uptake was also well demonstrated in this study, suggesting that F-FDG PET/CT may contribute to the range of cardiac research using the ferret model (Dudas-Gyorki et al. 2011; Gomoll 1996; Klabunde and Mulligan 1998; Poucher et al. 1994) .
We demonstrated automated and semiautomated methods of generating VOIs in tissues of interest. To measure background activity in a larger organ such as the liver or lobes of the lung, programmatically generated spherical VOIs with a 2.0 mm radius were sufficient to calculate SUV statistics. For more irregular structures such as the myocardium or thymus, an initially generic ellipsoid or rectangular prism could be adequately refitted to the target organ using appropriate thresholds (Equations 2 and 3). Of note, it is imperative for the researcher to scan through individual slices (or look on a 3D locator) to ensure that adjacent structures of similar or increased SUV values are not accidentally included in the VOI. Failure to do so could result in the erroneous inclusion of much more metabolically active structures into calculations, which could skew uptake measurements such as SUV and SUV .
The importance of measuring optimal uptake time periods cannot be overstated in planning a animal research study because different uptake periods greatly affect animal management, imaging workflow, fasting periods, and the number of subjects imaged on any given day. We assessed the timing between administration of the radiotracer and initiation of PET imaging at 60, 90, and >90
minutes. Our study shows that high-quality imaging can be achieved using an uptake period of 60 to 90 minutes, whereas longer periods may cause the radiotracer to wash out of the liver, making it more difficult to distinguish from the adjacent lung parenchyma.
Because the background SUVs in the lungs was lower than all other tissues, even at shorter uptake periods, we determined that a 60-to 90-minute period was sufficient to allow enough of the radiotracer to accumulate in tissues of interest and to assist in discriminating between the various organs. The choice of whether to use an intravenous or intraperitoneal route of radiotracer administration is important because either strategy demands certain technical skill and resources, in addition to having an impact on the resource planning and workflow of any experiment. Thus, it was essential to compare both routes to assess for differences in F-FDG PET/CT image production. In our study, coregistration of PET and CT imaging using both routes was equally feasible, and they both yielded similar SUV calculations.
We had anticipated that a high ratio of cranial-caudal length to axial diameter of the lungs, in addition to an elevated respiratory rate, would be a significant limiting factor for image quality. Consequently, we compared respiratory gated with nonrespiratory gated PET/CT techniques. Our comparison did not yield large differences in image quality for visual assessment of lung parenchyma or a significant impact on image count statistics. Perhaps due to the fact that the respiratory rate for a ferret typically ranges from 30 to 40 breaths per minute and that we used a 500-ms acquisition time, there may not have been sufficient movement during respiration to require respiratory gating. However, it is important to note that our experiment did not assess differences in detecting and localizing subcentimeter lesions such as lung nodules.
The calculation of SUV is an important methodological issue in clinical and preclinical PET research. Due to the variability in human habitus and fat composition, it is widely advocated that lean body mass be the adjustment for SUV calculations. Our study uses total body weight for several reasons: 1) Ferrets in this study were controlled for weight, age, and gender; 2) exact measurements of fat composition in ferrets is unknown; and 3) other small animal PET/CT studies routinely employ total body weight in SUV calculations (Paproski et al. 2010; Walter et al. 2010) . It is possible for future studies to use lean body mass adjustments when greater variability in the animal subjects is present.
Our study has several limitations. First, some of our technique comparisons were limited by smaller sample sizes. Second, we used an imaging platform that was originally designed for rodents such as mice and rats, and certain methodologies had to be adapted, as described earlier. It is possible that future PET/CT configurations will be better suited for this animal model's size dimensions. Third, the study primarily focuses on thoracic structures with partial imaging of the upper abdomen. This thoracic emphasis was reasonable due to the ferret's long thoracic anatomy, which provides more anatomical and physiologic detail. We included portions of the liver in the reported data. We did not report splenic imaging data because the spleen is located more caudally in the ferret and therefore was outside the field of view. Finally, we used a threshold of 50 to 60% in determining structural VOIs because this approach is commonly used in the literature (Krak et al. 2005; van Heijl et al. 2010; Weber et al. 1999) . Nevertheless, varying the threshold can have a material impact on the assessment of calculations such as mean SUV. Thus future studies could be done to assess different percentages of thresholds on SUV measurements.
Having demonstrated proof of concept using combination PET/CT imaging in ferrets at baseline, we envision future studies to include ferrets challenged with inflammatory factors such as lipopolysaccharide and infectious agents such as H1N1 influenza. Ferrets are an ideal model for influenza studies compared with more commonly used models such as mice and nonhuman primates (Bodewes et al. 2010 ). As noted previously, one of the more important considerations is the fact that ferrets are permissive hosts for the influenza virus, which means that the virus does not typically have to be adapted to the animal to infect, more closely mimicking the infectious agent in humans. In the case of mice and rats, the human seasonal influenza virus requires adaptation before it can replicate in the animal and cause disease. In addition, ferrets display signs and symptoms of severe influenza infection similar to humans, which helps to assess susceptibility to the infection and pathophysiologic comparability to human hosts. In contrast, mice do not typically show outward signs of fever after infection. Furthermore, the size, disposition, and maintenance of ferrets make them more desirable ass models than other large animals such as nonhuman primates for the study of infectious disease.
We also demonstrate the potential utility of PET for cardiac research and lymph nodal disease. Although we have demonstrated radiotracer uptake at specific time points, we believe that future studies incorporating dynamic acquisitions would be helpful to characterize the ideal time points for imaging. We did not perform such analyses in this pilot study due to the necessity of safeguarding the health of the ferret, the extensive periods that the ferret would need to be in the scanner, and the complexities of performing such studies in a BSL-3 environment. Based on the images obtained in this study (Figure 2) , it would be feasible to draw ROIs around major vascular structures such as the aorta in order to derive input functions for kinetic analyses. It would also be possible to incorporate biodistrubtion studies and autoradiography into future work for more quantitative measurements of radiotracer activity and localization.
We hypothesize that PET imaging would be an extremely useful modality that would provide in vivo tracking of inflammation and infection in the ferret model. The semiautomated approach we used for VOI generation could be used to isolate regions of 18 consolidation or inflammation in the lung that showed increased F-FDG uptake on PET scan. Further attempts could also be made to increase the resolution of the CT scans and help to identify smaller and potentially more diseased regions of the lungs. In addition, while we presented a number of values by which PET scans could be semiquantitatively tracked, correlation of imaging features with advancing disease processes on pathology and microbiology would provide validations of measurement techniques.
Conclusion
We developed a method for imaging anesthetized ferrets using F-FDG PET/ CT. We demonstrated a semiautomated method for evaluating regions of interest as well as performing SUV calculations of those regions. These values serve as important baseline standards in the healthy ferret. We also compared various imaging techniques and demonstrated SUV trends in most thoracic and upper abdominal tissues with increasing radiotracer uptake periods. We identified similar SUV distributions and intensities in comparisons of intravenous versus intraperitoneal injections of F-FDG in most tissues. Uptake periods ranging from 30 to 90 minutes are feasible and may be optimized to workflow constraints. The 60-minute uptake period produced high-quality imaging and matches the uptake period used in human clinical imaging. Respiratory gating was not required to provide sufficient visual discrimination of anatomical structures and fusion with PET images.
Our study supports the conclusion that F-FDG PET/CT is technically feasible in the ferret model. We believe that this imaging modality could make a significant contribution to future preclinical and translational studies tracking in vivo disease.
